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SUMMARY

/46T

Wind-tunnel tests were made to determine the effects of fin size, fin cant,
and auxiliary rocket motors on two three-stage configurations at Mach numbers
from 1.80 to 2.86 and the effects of fin size on one two-stage configuration at
Mach numbers from 1.80 to 4.63. All tests were performed at a Reynolds number

per foot of 2.5 x 100.

The results indicate that, although there is a significant decrease in sta-
bility for the two three-stage models in the test Mach number range, the change
in stability level for the model having the same diameter for stages 1 and 2
(model 2) is only about one-half that for the model having stage 2 diameter
smaller than that of stage 1 (model 1). 1In addition, the axial force at an
angle of attack of 0° for model 2 is considerably lower than that for model 1 at
all test Mach numbers. In general, the variation of the static directional-
stability derivative (CnB with Mach number for a given configuration is essen-

tially the same as the variation of the static longitudinal-stability derivative
with Mach number. Canting the vertical fins 2° on model 1 provided roll effec-
tiveness and some increase in CnB throughout the test Mach number range.

INTRODUCTION

The National Aeronautics and Space Administration is currently interested
in different types of vehicles for use in various studies such as atmospheric-
reentry phenomena and high-altitude probes. Changes in payload requirements and
in vehicle performance requirements are often made as a result of these studies.
As a continuing effort in vehicle design, an investigation has been made to
determine the static stability characteristics of three multistage rocket con-
figurations currently under consideration. Two of the configurations, differing
only in second-stage design, were equipped with cruciform fins on the first and




second stages. The third configuration consisted of the second and third stages
of one of the three-stage configurations. Tests were also made to determine the
effects on aerodynamic characteristics of variation in fin size, fin cant, and
number of auxiliary rocket motors attached to the first stage. The results were
obtained through a range of Mach numbers from 1.80 to 4.63 at a constant Reynolds
number per foot of 2.5 X 106. The results of wind-~tunnel tests of similar con-
figurations may be found in references 1 to k4.

SYMBOLS

The coefficients of forces and moments are referred to the body-axis system.
(See fig. 1.) Aerodynamic moments for the three-stage configurations and for
the two-stage configuration are presented about points located 12.34 inches and
23.05 inches forward of the first-stage base, respectively, for these configura-
tions. (See figs. 2(a) and 2(d).)

Ca axial-force coefficient, Axial force/qS

Ca,e chamber axial-force coefficient, Chamber axial force/qS
Ca,o0 axial-force coefficient at 0° angle of attack

Cy rolling-moment coefficient, Rolling moment/qSd

C1,0 rolling-moment coefficient at B = 0° and o =~ 0°

Cn pitching-moment coefficient, Pitching moment/qSd

CmOL slope of pitching-moment curve through o = 0°

Cy normal-force coefficient, Normal force/qS

Cx, slope of normal-force curve through o = 0°

Cn yawing-moment coefficient, Yawing moment/qu

CnB slope of yawing-moment curve through B = 0°

Cy side-force coefficient, Side force/qS

CYB slope of side-force curve through B = 0°

d diameter of first stage of test configuration (2.50 in. for three-

stage configuration and 4.43 in. for two-stage configuration)



M free-stream Mach number

q free-stream dynamic pressure, lb/sq ft

S cross-sectional area of first stage of test configuration (0.0341 sq ft
for three-stage configuration and 0.1071 sq ft for two-stage
configuration)

a angle of attack of model center line, deg

B angle of sideslip of model center line, deg

51 angle of cant of first-stage fin, in vertical plane, deg

B1T angle of cant of second-stage fin, in vertical plane, deg

Fin designation:

Fi1 fins for first stage of models 1 and 2, sized to represent full-scale
area of 12 square feet

Fo fins for first stage of models 1 and 2, sized to represent full-scale
area of 10 square feet

F5 fins for second stage of models 1 and 2, sized to represent full-scale
area of 6 square feet

F4 fins for second stage of models 1 and 2, sized to represent full-scale
area of 4 square feet

F5 fins for first stage of model 3, sized to represent full-scale area
of 6 square feet

Fg fins for first stage of model 3, sized to represent full-scale area
of 4 square feet

APPARATUS AND TESTS

Tunnel

Tests were conducted in both the low and high Mach number test sections of
the Langley Unitary Plan wind tunnel which is a variable-pressure, continuocus-
flow tunnel. The test sections are approximately 4 feet square and 7 feet long.
The nozzles leading to the test sections are of the asymmetric sliding-block
type, which permit a continuous variation in Mach number from about 1.4 to 2.9
in the low Mach number test section and from about 2.3 to 4.7 in the high Mach
number test section.



Models

Dimensional detalls of the three test vehicles are presented in figure 2
and photographs of the models are presented as figure 5. The two three-stage
1/12.4-scale configurations, hereinafter referred to as models 1 and 2, differed
only in size and adaptation of the second stage. The second stage of model 2
had a diameter equal to that of the first stage; whereas, the second stage of
model 1 had a diameter essentially one-half that of the adjacent stages and was
somewhat longer than the second stage of model 2. The third stage, a cylinder
with a slightly larger diameter than the first stage, incorporates a conical
nose with a 10° half-angle. The first and second stages of models 1 and 2 were
equipped with identical cruciform stabilizing surfaces oriented on a horizontal
and a vertical plane. Two sizes of fins were tested for both stages of the
models. The first-stage fins were trapezoidal in planform with a hexagonal sec-
tion. One set of these fins sized to represent a full-scale area of 12 square
feet is hereinafter referred to as Fy. A smaller set of fins (10 square feet

full scale and noted by Fp) was constructed by decreasing the span of fins Fy.
The second-stage fins were of clipped delta planform with an 8° total angle
wedge section. These fins, hereinafter referred to as F5 and F),, were sized

to represent full-scale areas of 6 square feet and 4 square feet, respectively.
The vertical fins for both the first and second stages could be canted 2° to
produce positive roll. Details of these fins are shown in figure 2(b). The
first stage of models 1 and 2 was equipped with two auxiliary rockets for the
majority of these tests; also, the effects of an additional two rockets on
model 2 were determined.

The two-stage configuration, hereinafter referred to as model 3, is the
same as the second and third stages of model 2, including the two sets of test
fins F5 and Fg, except for model scale (see fig. 2(d)) which was increased to

one-seventh.

Test Conditions

The test conditions for the investigation were as follows:

Stagnation Stagnation
Model Mach temperature, pressure, Reynolds number
number oF 1b/sq in. abs per foot

1and 2| 1.80 125 10.02 2.5 x 106
1 and 2 2.50 150 4. 71 2.5
1 and 2 2.86 150 17.76 2.5

3 2.96 150 18.77 2.5

) 5.95 175 33.29 2.5

3 k.63 175 h5.54 2.5




All configurations were tested through an angle-of-attack range from approxi-
mately -6° to 6° at an angle of sideslip of 0° and through an angle-of-sideslip
range from about -4° to 4° at angles of attack of about -4°, 0°, and 4°. The
stagnation dewpoint was maintained at -30° F in order to avoid condensation
effects.

In order to obtain turbulent flow over the model, a l/8-inch—wide strip of
0.0l2-inch-diameter carborundum grains was affixed around the model 1 inch behind
the nose.

Measurements

Aerodynamic forces and moments were measured by means of a six-component
electrical strain-gage balance housed within the model. The balance, in turn,
was rigidly fastened to a sting support and thence to the tunnel support system.
The balance-chamber pressure was measured for each model and test condition.

Accuracy
The accuracy of the individual measured quantities, based on calibrations

and repeatability of data, is estimated to be within the following limits:

Models 1 and 2

CA @ v o v o e e e e e e e e e e e e e e e e e e e e e e .. £0.005
Ch = » v m n o e e e e et e e e e e e e e ... £0.00T
O L e's

o o055
Cp o = o « o o « o o e o e e e e e e e e e e e e e e e e e e e e .. *0.033
CN . . . e o « . e . e o o . . . . ¢ . e o o o ¢ » . . e e . LI . io - 037

CY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i00058

CA v ¢+ o & vt e e e e e e e e e e e e e e e e e e e e e e e e e .. . %0.008

CA,C ® e e e e ¢ o e e e s s s e s ® e s s e o e ® e e o o o s o o e v . i0.00T
Cm o« ¢ o o et e e e e e e e e e e e e e e e e e e e e e e e ... £0.003

O ¢ ¢ ¢ o o o o s e e e e e e e e e e e e e e e e e e e e e e e ... 0,006

Angles of attack and sideslip are accurate within #0.10°., The Mach number accu-
racy for the range from M = 1.80 to M = 2.96 is estimated to be within #0.015
and for the range from M = 3.95 to M = 4.63, within +0.050.




Corrections

Angles of attack were corrected for tunnel-flow angularity and for deflec-
tion of balance and sting support as a result of aerodynamic loads. The axial-
force data were adjusted to correspond to free-stream static conditions in the
balance chamber. Typical values of chamber axial-force coefficient are presented
in figure k.

PRESENTATION OF RESULTS

The results of this investigation are presented in the following figures:

Figure
Longitudinal aerodynamic characteristics:
Effect of Mach number variation and change in fin size and cant for
model 1 . . . . . e e e e e e e e e e e e e e e e e e e e e 5
Effect of Mach number variation and number of auxiliary rocket motors
formodel 2 . . . . . « . . . . ... R T
Effect of Mach number variation and change in fin size for model 3% . . 8
ILateral aerodynamic characteristics:
Effect of Mach number variation and change in fin size and cant for
model 1 . . & ¢ & o ¢ « o 4 e 4 s e e e e e e e e s e e e e e 9
Effect of Mach number variation and number of auxiliary rocket motors
For model 2 ¢ v v v v b 4 e 4 e s e e e e e s e e e e e e e s e s . . 10, 11
Summary of longitudinal aerodynamic characteristies . . . . « . .+ « + . . 12
Summary of lateral aerodynamic characteristics . . . . . .« ¢« « o .+ o . . 13

RESULTS AND DISCUSSION

The basic aerodynamic characteristics for the three test vehicles are pre-
sented in figures 5 to 11 and are summarized in figures 12 and 15. It should
be pointed out that the moment data are presented about a point corresponding to
the balance pitch center for each model. As a consequence these data do not
reflect the stability level that would be obtained with a more realistic center-
of-gravity location.

The results in figure 12(a) show a significant decrease in stability for
model 1 with increase in Mach number from 1.80 to 2.86 when fins F; and F3 are

fixed to the first and second stages, respectively. The decrease in stability
for model 2, while significant, is only about one-half that for model 1 in this
Mach number range. The difference in the effect of Mach number on the stability
of these models is associated with a forward shift in center of pressure arising



from the longer second stage of model 1. There is little difference in CNd

for the two configurations; however, the axial force at a = 0° is considerably
lower for model 2 than for model 1 at all test Mach numbers. This higher CA,o

for model 1 is probably associated with the boattailing of the third stage and
the flare of the first stage. As would be expected, a decrease 1n the size of
the fins of model 1 (fig. 12(b)) results in a decrease in Cp,o and Cy with

an associated change in stability level at a given Mach number. A decrease in
fin size for model 3 (second and third stages of model 2) results in a decrease
in Cp,0, CNy, and stability level (fig. 12(e)). The data of figure 12(d) indi

cate that the addition of two more auxiliary rocket motors to model 2 increases
Ca,o substantially but has little effect on Cma or CN@'

In general, the variation of CnB for a given configuration with Mach num-
ber is essentially the same as that shown by Cma. This would be expected since

the models are essentially symmetrical about the horizontal and vertical planes.
The result of canting the vertical fins 2° on the first and second stages of
model 1 (fig. 13(c)) indicated that, although the roll effectiveness of the ver-
tical fins decreased with Mach number, the fins remained effective and provided
some increase in CnB throughout the test Mach number range.

CONCLUSIONS

Results of tests of three rocket-vehicle configurations with variations in
fin size, fin cant, and auxiliary rocket motors at Mach numbers from 1.80 to 4.63
lead to the following conclusions:

1. The change in stability level with increase in Mach number for the model
having an equal diameter for stages 1 and 2 (model 2) is only about one-half that
for the model having stage 2 diameter smaller than stage 1 (model 1).

2. Canting the vertical fins 2° on model 1 provided roll effectiveness
throughout the test Mach number range.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., May 6, 1963.
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(v) 1/12.4-scale fins for three-stage models.

Figure 2.- Continued.
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(a) Model 1.

(b) Model 2 with two auxiliary rocket motors.

(d) Model 3.

, Figure 35.- Models used in the investigation.

L-63-3118
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b,deg

Figure 4.- Chamber axial-force coefficients for models 1, 2, and 3.

-1 0
a,deg

. Model 3

(Plain symbols denote tests

made with two auxiliary rocket motors; flagged symbols denote tests made with four auxiliary

rocket motors.)



a,deg

(a) Fins FiFz; 8y = by = o°.

Figure 5.- Longitudinal aerodynamic characteristics of model 1 with two auxiliary rocket motors at
several Mach numbers.
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a,deg

{b) Fins FoFz; &1 = dpp = 0°.

Figure 5.- Continued.
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a,deg

(c) Fins FyFy; &; = 81 = o°.

Figure 5.~ Continued.
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8% .5 4 -3 -2 -1 0 1 2 3 + 5 ; 7
da,deg

(4) Fins FyF); 87 = By = 2°.

Figure 5.- Concluded.
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Figure 6.- Iongitudinal aerodynamic characteristics of model 2 with two auxiliary rocket motors
at several Mach numbers. Fins Fle; 81 = 8y7 = 0°.
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a,deg

Figure 7.- Longitudinal aerodynamic characteristics of model 2 with four auxiliary rocket motors
at several Mach numbers. Fins F1F35 BI = SII = 0°,



a,deg

(a) Fin Fs; &7 = 0°.

Figure 8.- Longitudinal aerodynamic characteristics of model 3 at several Mach numbers.
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(b) Fin Fg; b1 = 0°.

Figure 8.- Concluded.
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B,deg

(a) M = 1.80; fins F2F5; 8y = drp = 0°.

Figure 9.- Lateral aerodynamic characteristics of model 1 with two auxiliary rocket motors at
several angles of attack.
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-3 - -1 0 1 2
f,deg

(b) M =2.50; fins FoFz; 8p = 817 = 0°.

Figure 9.- Continued.



B,deg

(c) M =2.86; fins FoFz; 81 = byp = o°.

Figure 9.- Continued.
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Figure 9.- Continued.

0 1 2 3



iy

B =)
o a,deg}|-
: 0.7
E» -3.5

4.9

o

0 1 2
B,deg

(e) M =2.50; fins F Fz; 81 = &y = 0°.

Figure 9.- Continued.
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B,deg

(f) M = 2.86; fins F1F5; 8 = B = O°.

Figure 9.- Continued.
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B,deg

(g) M =1.80; fins FjFy; dp = dyp = O°.

Figure 9.- Continued.
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(h) M =2.50; fins FF; by = dyp = O°.

Figure 9.- Continued.
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B,deg

(1) M = 2.86; fins F{Fy; &1 = dpp = 0°.

Figure 9.- Continued.
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B,deg

(J) M =1.80; fins F\F); 8p = 8

Figure 9.- Continued.
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B,deg

(k) M =2.50; fins F Fy; 8; = 81 = 20,

Figure 9.- Continued.
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B,deg
(1) M =2.86; fins FyFy; 8 = dpp = 2°.

Figure 9.- Concluded.
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B,deg
(a) M =1.80; fins FiF3; 87 = 81 = o°.

Figure 10.- Lateral aerodynamic characteristics of model 2 with two auxiliary rocket motors at
several angles of attack.
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g,deg

(b) M =2.50; fins FiFs; b1 = 8y = 0°,

Figure 10.- Continued.
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(¢) M =2.86; fins FiFs; 8 = dpp = 0%

Figure 10.- Concluded.
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Figure 11.- Lateral aerodynamic characteristics of model 2 with four auxiliary rocket motors at

(a) M =1.80; fins FF3; 8y = 81y = 0°.

several angles of attack.




B,deg

= . 3 . — — O
(b} M = 2.50; fins FFy; 6y = 8 = 0%

Figure 11,- Continued.
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B,deg

(c) M =2.86; fins FyF3; by = 877 = 0°.

Figure 11.- Concluded.
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Fins F1Fz; two auxiliary rocket motors; &1 = 811 = 0°.

(a) Body effect.
Figure 12.- Varlation of longitudinal aerodynamic parameters with Mach number.
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(v) Fin effect.

1.8 2.0 2.2 2.4 2.6 2.8 3.0
M

Model 1; two auxiliary rocket motors; 8y = &yp = 0°.

Figure 12.- Continued.
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2

Model 2; fins F1F5

(d) Auxiliary rocket motor effect.

Flgure 12.- Continued.
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Model 3; &p = 0°.

(e) Fin effect.

Figure 12.- Concluded.
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Fins F1F33 two auxiliary rocket motors; 8y = 837 = 0°.

Body effect.

)

(a

a =~ 0°.

Figure 13.- Variation of lateral aerodynamic parameters with Mach number.
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(b) Fin effect. Model 1; two auxiliary rocket motors; dp = &y = O°.

Figure 13.~ Continued.
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two auxiliary rocket motors.
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Figure 13.- Continued.
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